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Abstract 
A boundary integral equation derived from the normal derivative of Kirchhoff's 
formula is introduced to calculate a transient acoustic wave in a room. Three input 
source waves are examined in order to calculate responses with higher accuracy. Some 
problems appearing in the numerical calculation are also investigated. Numerical 
examples are presented to demonstrate the effectiveness of the method. 
1. Introduction 
Though the finite difference method (FDM) and the finite element method (FEM) 
are often used in order to calculate a transient response in a room, the boundary element 
method (BEM) is also a powerful tool for tackling this task. As the unknown function to be 
solved is restricted to the boundary of the region, the storage capacity required decreases 
drastically when BEM is used. With the BEM it is also easy to apply arbitrary source 
waves攀 Ifone desires to use BEM to obtain a transient field, both Kirchhoff's formula (BF: 
basic form) and its normal derivative form (NDF) are available. Although both are solved 
numerically using a step-by-step process after the initial conditions are set, the latter is 
quite stable in the numerical calculation1),2). In this paper, a transient response in a rigid 
cubic room is calculated numerically using NDF and compared to the accurate solution 
obtained from the image method. Problems appearing in the numerical method are also 
investigated. 
2. Kirchhoff's Formula and its Normal Derivative 
Let us consider an omnidirectional point source Ps and a receiving point P within 
a closed region n, as shown in Fig.1. The velocity potential at P is expressed by using 
Kirchhoff's formula, i.e., 
4四 D(P,t)+fl{曰羞ビ）—誓嗚嘉—虞且}ds= {: ニご： : ; : ~ (1)
where B denotes the boundary of n, c phase velocity, r =戸Qthe distance from P to the 
boundary point Q and n inward drawn normal. In Eq.(1), the square bracket [ ] denotes 
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Fig. 1 Derivation of Kirchhoff's formula: a point source is located at P8 and a receiving 
point at P 
retarded value, for example [cp] = cp(t -r/c) and'PD the direct wave, i.e., 
四）(P, t) = f(t-d/c) 
d 
(2) 
where f is the source wave form and d = P P8 the distance from P to the point source P. ぷ
DiザerentiatingEq.(1) at P to the direction np, one can obtain 
41r 8<p~ ごt)+几｛炉l枷二G)-[誓（土羞且）＋］は：ぃ
=+：{:／9)： 
21r 
如 (P,t) 
(3) 
枷'
P→ B 
p 
如If the boundary is acoustically hard, the terms which include — vanish. 
珈
3. Numerical Evaluation of Singular Kernels 
By the use of Eq.(1) or Eq.(3), one can solve numerically a transient response in a 
room. Trapezoidal or triangular surface elements are used in the numerical calculation. 
Also, the potential distribution on each element is assumed to be constant at each point 
in time. If one uses Eq.(l), the singular integral of the N-th element can be evaluated as 
flい虞 G)-[信］〗嘉}ds= 2匹 (P,t) (4) 
On the other hand, if one uses Eq.(3), the integral of the hyper singular element can be 
evaluated by the line-integral along the edge rN of the element N1) (see Fig.2), i.e., 
f L{ [v>la! 枷げ）—［信]~ぷ：い}dS= -i砂 ~def, —亨羞v,(P,t) (5) 
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N rN 
Fig. 2 Contribution from a singular element 
If Eq.(1) is introduced, the potential distribution on the boundary is obtained step-by-step 
by summing up the contribution from each element at each time step after a source wave 
is given. If Eq.(3) is used, cp(P) does not appear explicitly in the equation, but the time 
derivative appears in Eq.(5). Therefore, an appropriate interpolation formula is required. 
In the numerical calculation, Newton's interpolation formula of second degree and the 
backward finite time difference yield 
8 1 ―cp(ti) rv -{3cp(ti-2) -4cp(ti-l) + cp(む）｝
8t 2△t 
(6) 
where△ t denotes the time step and ti represents i-th time step. It is also possible to 
apply a finite time difference of first or third degree. The results of many numerical 
examples show, however, that results with the former approximation have less accuracy 
and those with the latter approximation, less stability. In this paper, a method using NDF 
is discussed. 
4. Source Waves 
Because of the difficulty of obtaining an impulse response numerically, in practice it is 
necessary to apply a source wave with short duration. A response to the triangular wave 
can be obtained from that arising from the source wave f (t)= t or f (t)= t2, (t > 0), by 
differentiating, shifting, adding and subtracting operations1). This response may include 
some errors arising from numerical differentiation and from discontinuity in its first or 
second derivative, especially when the potential distribution is assumed to be constant in 
each element. In the following, two kinds of source waves are examined numerically in 
addition to the triangular wave. 
The first one includes cosine function, i.e., 
{ J(t) = 1 +~ornt, ltl~1 
J(t) = o, lt > 1 
(7) 
This wave form is hereinafter referred to as "source wave A." The wave form is shown in 
Fig.3(a) and its first and second order derivatives are given in Figs.3(b) and (c), respec-
tively. The second derivative is discontinuous at t =土1.In the practical calculation, the 
pulse width is modified by the transformation of the variable. 
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Fig. 3 Source wave A: (a) waveform, (b) first order derivative, (c) second order derivative 
The second one is 
{ J(t) = eexp (-1~t2) , it! ~1 
J(t) = o, itl > 1 
(8) 
This function is continuously differentiable for infinite times and is referred to as "source 
wave B." The wave form and its first and second derivatives are shown in Figs.4(a), (b) 
and (c), respectively. 
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Fig. 4 Source wave B: (a) waveform, (b) first order derivative, (c) second order derivative. 
Fig. 5 shows spectra of the triangular wave (dashed line), wave A (solid line) and wave 
B (dotted line) whose duration time is 0.00018 s. All those waves include spectra which 
are mainly below 10 kHz. 
The Sub-Committee of Computational Acoustics established in the Architectural Insti-
tute of Japan(AIJ) constructed and now runs an internet-site in which a suite of benchmark 
problems, from basic ones to practical ones is developed3). Transient responses in a rigid 
cubic room (see Fig. 6), which is one of the above benchmark problems and referred to as 
B0-1 T, are analyzed by using NDF and the results are shown below. 
In the numerical calculation, surface elements with dimensions of 0.025 x 0.025 m2 and 
time step△ t=0.000015 s are used. In this case, the ratio of△ X to C△ tis 
△x 
c△t 
= 4.9 (9) 
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This value has an effect on both stability and accuracy in numerical calculation. 
Transient responses at the point R4 (shown in Fig. 6) for the triangular wave, waves 
A and B with a duration time 0.00018 s are illustrated in Figs. 8, 9 and 10, respectively. 
In there figures, (a) and (b) show numerical results obtained from the boundary element 
method and the image method, respectively, and (c) shows the comparison between them. 
The wave B with continuous second order derivative seems to be most appropriate for 
numerical implementation. 
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Fig. 6 A benchmark problem in AIJ-BPCA: B0-1 T 
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Fig. 7 Triangular wave responses: (a) calculated using NDF, (b) calculated using image 
source method, (c) comparison of (a) and (b) 
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Fig. 8 Responses due to source A: (a) calculated using NDF, (b) calculated using image 
source method, (c) comparison of (a) and (b) 
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Fig. 9 Responses due to source B : (a)calculated using NDF, (b) calculated using image 
source method, (c) comparison of (a) and (b) 
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5. Conclusion 
Transient responses in a rigid room are calculated using the normal derivative of Kirch-
hoff's formula. The three source waves to be applied were examined, and the numerical 
results suggest that the wave B with continuous second order derivative is the most appro-
priate of the three. Many of the numerical results bear out that Newton's interporation 
formula of seconf degree and the backward finite time difference yield numerical results of 
high accuracy. 
Acknowledgement 
This work was supported by the Grant-in-Aid for Scientific Research (A)15206064. 
References 
1) Y. Kawai and T. Terai, "A numerical method for the calculation of transient acoustic 
scattering from thin rigid plates," J. Sound and Vib., 141(1), 83 (1990) 
2) Y. Kawai and T. Terai, "The calculation of transient sounds in rooms by using the 
normal derivative of Kirchhoff's formula," Boundary Element XIV, Vol.1, 217 (1992) 
3) http://gacoust.hwe.oita-u.ac.jp / AIJ-BPCA/index.html 
